The blood-brain barrier (BBB) is a dynamic multicellular interface that regulates the transport of molecules between the circulation and the brain. Transcytosis across the BBB regulates the delivery of hormones, metabolites, and therapeutic antibodies to the brain parenchyma. Here, we present a protocol that combines immunofluorescence of free-floating sections with laser scanning confocal microscopy and image analysis to visualize subcellular organelles within endothelial cells at the BBB. Combining this data-set with 3D image analysis software allows for the semiautomated segmentation and quantification of capillary volume and surface area, as well as the number and intensity of intracellular organelles at the BBB. The detection of mouse endogenous immunoglobulin (IgG) within intracellular vesicles and their quantification at the BBB is used to illustrate the method. This protocol can potentially be applied to the investigation of the mechanisms controlling BBB transcytosis of different molecules in vivo.
Introduction
The blood-brain barrier (BBB) is a continuous cellular barrier formed by astrocytes, pericytes, neurons, and endothelial cells that separates the central nervous system (CNS) from the blood circulation 1 . The regulation of transport across the BBB plays a crucial role in maintaining brain homeostasis and is mediated by specialized properties of brain endothelial cells (BECs). The presence of tight intercellular junctions between BECs and a low basal rate of transcytosis limit the paracellular and transcellular transport of blood-borne molecules, respectively 2 . Recently, the transcytosis pathway in BECs has been harnessed to enhance delivery of therapeutic large molecules to the brain 3, 4 . However, the mechanisms of transcytosis across the BBB have not yet been fully characterized 5, 6 . Extensive work has been done in vitro to decipher the cellular and molecular mechanisms regulating intracellular transport across BECs 7, 8, 9, 10, 11 , but such systems fail to recapitulate the complex architecture and physiology of the neurovascular unit (NVU). On the other hand, studies in vivo 12, 13 provide detailed quantitative information on transport rates across the BBB but do not provide insights into the intracellular mechanisms of transport. Therefore, investigating the cellular and intracellular components of the NVU in vivo and ex vivo remains very challenging 14 . Only a limited number of techniques are amenable to analyze subcellular structures within cells of the NVU. Most studies use electron microscopy but this technique is limited by the complex protocols required for proper tissue preparation and sample handling. Therefore, we established a methodology based on high resolution confocal microscopy that would facilitate the processing of brain samples, the analysis, and the quantification of subcellular compartments within cells of the NVU.
Here, we describe a protocol which utilizes mouse brain free-floating sections to perform quantitative imaging of the BBB and NVU at the cellular and subcellular levels. We tested and validated a number of antibodies to image and reconstruct the NVU in three dimensions. Furthermore, this protocol allows imaging at the maximal optical diffraction-limited resolution of organelles within brain capillaries. Together with image analysis, this protocol can be used to investigate the intracellular transport of macromolecules across the BBB under different experimental conditions, for example in mouse disease models of neurodegeneration.
Copyright © 2017 Creative Commons Attribution-NonCommercial-NoDerivs 3.0 Unported License November 2017 | 129 | e56407 | Page 3 of 9 2. In the acquisition menu of the software that controls the microscope, set the image acquisition parameters. In the drop-down menu of 'Image size', select a value of 1024 x 1024 pixels. Modify the pixel size to a value between 200 and 300 nm by adjusting the value of the 'Zoom' menu." NOTE: For the analysis of intracellular structures, reduce the pixel size to 75 nm. This image size setting substantially increases the acquisition time and can be reduced to 512 x 512 pixels to decrease the acquisition time by imaging a smaller field of view. 3. In the 'Acquisition Speed' drop-down menu, select a value of 400 Hz, i.e. 400 lines per second. In the 'systems settings' menu, select the 'Pixel depth' drop down menu, and change the value to 12 bit. 4. In the microscope software, within the 'acquisition' tab, toggle on the option for sequential frame acquisition. Set the optical section thickness to a value between 0.75 and 1 µm for each channel by modifying the value in the 'Pinhole' menu. 5. In the panel for fluorescent excitation, activate the laser required to optimally excite the fluorophores in the sample, for example a 488 nm laser line for a green-emitting fluorophore. NOTE: Use a fluorophore spectra viewer (see Table of Materials) to select the adequate excitation laser. 6. In the panel for fluorescent detection, move the slider to select the wavelengths that will be measured in each channel, for example between 510 and 550 nm for a green-emitting fluorophore. NOTE: Use a fluorophore spectra viewer (see Table of Materials) to select the adequate detection wavelengths. 7. Add a drop of immersion oil with a refractive index of 1.52 on top of the coverslip with the brain section to match the refractive index of the glass coverslip and objective. Place the sample in the microscope and turn on the epifluorescent lamp to visualize the sample using the microscope binoculars. 8. Using the buttons on the microscope stand, change the filter wheel to select a filter appropriate for visualizing DAPI-stained nuclei. Use the coarse focus to bring the signal from DAPI-stained nuclei into focus. 9. Using the buttons on the microscope stand, change filters to visualize the signal from vascular markers (for example, CollagenIV or CD31) and center the field of view on an individual capillary segment. 10. Press the button to start the live-scan mode. During scanning adjust the gain and laser intensity for each channel to maximize the dynamic range of the images and avoid pixel saturation. NOTE: Use a look-up table which labels saturated pixels to visually assess over-saturation. To avoid signal over-saturation, adjust the settings with the sample which is expected to have the highest fluorescent signal. 11. Set the value for line averaging to 2.
NOTE: When using higher acquisition speeds, increase this value to reduce noise. 12. Establish begin and end sections for performing optical z-stacks that span the whole volume of the capillary. Use a step size of 0.45 µm.
NOTE: If images will be used for subsequent quantification, keep the same acquisition settings for the complete data set. 13. For quantification, acquire 10 to 20 z-stacks per section from at least three different mice for statistical comparisons.
NOTE: Acquire the full data set in the same session to reduce the variability arising from sample bleaching and laser intensity fluctuations.
NOTE: This process will define a region of interest by creating a mask using the capillary surface created in step 4.3 1. Select the 'edit' menu in the 'capillary surface' panel. Under 'mask properties', click "Mask All". Select the channel that contains the intracellular vesicle signal as the 'Source Channel' and toggle on the option "Duplicate channel before applying mask". 2. In the 'mask settings' column, select "Constant inside/outside" and "Set voxels outside surface to:" and set its value to 0.00. NOTE: This process will create an additional channel in the image where all voxels outside the capillary mask will have an intensity value of 0. To quantify events outside of the capillary (i.e., in the brain parenchyma), choose "Set voxels inside surface to:" and set its value to 0.00. 3. To segment vesicular structures, press the button to start the "Add new Spots" wizard. Use the bottom arrows to move between steps in the surface creation wizard. 4. In the create tab, use the drop down menu under "Source Channel" to select the intracellular masked channel created in step 4.4.4. 5. In the create tab, under the "Spot detection" section, set the estimated XY diameter to a value between 0.5 and 1 µm, depending on the average size of vesicles observed in the experiment. This option determines the smallest size which will be detected by the segmentation algorithm. 6. In the create tab, under the "Spot detection" section, toggle on the option for "Background Subtraction".
NOTE: This option will smooth the image with a Gaussian filter of 0.75 spot radius (from the value selected in step 4.4.7) and then subtracting the intensity of the original image Gaussian filtered by 0.88 spot radius. 7. In the 'create' tab, press the dropdown menu under 'Filter Type' and select "Quality". Note that this will segment the image by applying thresholds based on the intensity at the center of the spots. Adjust the lower intensity threshold by moving the sliding window across the 'Quality' histogram until the majority of identifiable vesicles are labelled. NOTE: The value range for this parameter needs to be determined empirically for each data set. 8. Finish the spot creation wizard and save the creation parameters by pressing the button "Remember parameters" in the rebuild tab of the surface menu. 9. Repeat the procedure for the whole imaging data set by loading the parameter set used for the first image. Adjust the parameters for the 'Quality intensity threshold' for each image to account for differences in background intensity. Multiply this value by 1,000 to get the number of vesicles per 1,000 µm 3 of the capillary volume.
Quantification of Intracellular
4. To quantify the total intensity within the capillary create a new surface that covers the entire image following the instructions described in steps 4.3 with the following modifications. Select the channel that contains the pertinent signal (e.g., mIgG) as source channel and set the value of the surface area detail level to 5 µm. To create a surface that covers the whole image, set the value of the lower intensity threshold to 0. 5. In the analysis software, access the statistics panel of the surface created in step 5.4. Select the "Detailed" tab, and use the drop down menu to select "All values". Record the values for 'Intensity Sum' for the channels of interest; this parameter corresponds to the sum of individual intensity values over all pixels. NOTE: For an intracellular signal, this corresponds to the duplicated channel with voxels outside surface set to 0.0. For a signal in the brain parenchyma, this corresponds to the duplicated channel with voxels inside surface set to 0.0. 6. To calculate the fluorescence intensity per capillary volume, for each image normalize the intensity by the volume calculated in step 5.1.
Multiply this value by 1,000 to get the fluorescence intensity value per 1,000 µm 3 of the capillary volume.
NOTE: For fluorescent signals in the brain parenchyma, normalize the values by the total image volume minus the capillary volume and multiply by 1,000 to get the total intensity per 1,000 µm 3 of brain parenchyma.
7. Repeat the procedure for the whole data set and use appropriate software to perform statistical analysis of the data.
Representative Results
As representative examples of images obtained from the protocol described here, mouse brain sections were stained with antibodies recognizing different components of the NVU including the basement membrane, astrocytes, pericytes, and endothelial cells (see Table of Materials for specific antibodies used) ( Figure 1A, D , and E). At this resolution it is possible to distinguish the individual astrocytic processes and end-feet that are in direct contact with capillaries.
To highlight the suitability of this protocol for detecting intracellular structures, brain sections from animals peripherally injected with the human anti-Tau mAb86 antibody 16 were stained with a fluorescently labelled anti-human antibody ( Figure 1B) . mAb86 is known to specifically target neurons expressing a pathological form of Tau 16 . Using the protocol described herein, mAb86 was detected with diffraction-limited resolution within individual vesicular structures within neurons (Figure 1B-C) . In addition, endogenous mouse IgG was detected in intracellular structures within endothelial cells but not in pericytes ( Figure 1D-E and Figure 2 ). 
Discussion
The protocol outlined above describes the preparation of brain free-floating sections, immunofluorescent staining, image acquisition, and analysis parameters for high-resolution microscopy of the BBB. This method has been recently used to investigate the localization of antibody delivery platforms 3 , the transport of endogenous IgG across the BBB 17 , and the heterogeneity of the BBB upon pericyte loss 18 . Different steps in the protocol can be modified to adapt to the specific goal of the experiment. First, the use of thick (100 µm) sections facilitates their handling during the immunostaining and mounting procedures. It also allows for 3D reconstruction of the capillary network, the neurovascular unit, and for the generation of capillary and NVU cross-sections. However, penetration of antibodies within the tissue sections may vary and some antibody staining can be restricted to the superficial layer of the tissue close to the coverslip. The protocol can be modified by increasing the concentration of detergent during the permeabilization step and/or the length of the permeabilization step to improve antibody penetration into the tissue. Second, image quality may be compromised when attempting to acquire images deeper within the tissue (usually 20 to 30 µm below the surface) due to light scattering as well as optical aberrations from refractive index mismatch. To overcome this problem, new methods for tissue clearing and active antibody penetration 20 can be combined with this protocol to image larger volumes of tissue. Third, deconvolution is performed after image acquisition to improve the axial resolution of the image. The choice of the blind deconvolution algorithm used in this protocol was based on (i) its ease of use, as no pre-calculation of the point-spread function is required, (ii) its robustness for improving image quality 21 , and (iii) the lack of artefacts on mIgG intracellular structures after implementation. Depending on the intracellular structures visualized in the sample, other deconvolution algorithms may result in higher image quality. The following references 21, 22 provide an extensive discussion on the advantages and limitations of additional algorithms for image deconvolution. Finally, the use of an image analysis software package allowed the segmentation of capillaries and intracellular structures in three dimensions. Clearly image analysis is not restricted to the software described in the protocol and alternative packages, for example those discussed in reference 23 , can be used to segment images. The suitability of different software programs for the analysis of intracellular structures across the BBB should be verified empirically by assessing the accuracy of image segmentation.
Since this method is based on fixed samples, it does not provide direct information about the dynamics of transcytosis across the BBB. However, it can be combined with time-course experiments 24 , for example by intravenously injecting the molecule of interest and measuring its accumulation within BECs at different time points after injection, to reconstruct the kinetics of intracellular transport. The advantage of this approach is that it allows for the analysis of deep brain regions, as shown in 18 , which are currently inaccessible to intravital live imaging approaches. A critical step during the protocol is the careful monitoring of tissue fixation. Fixation with 4% PFA dramatically reduces the immunogenicity of intracellular organelles and of endogenous or peripherally administered immunoglobulins 17 ( Figure 1B) . A limitation of this protocol is its requirement of high-quality antibodies (i.e., low non-specific staining, low cross-reactivity) suitable for immunofluorescence. Provided that such reagents are available, the method can be applied to investigate the intracellular localization of any protein of interest. For example, the protocol was used to identify lysosomes in brain endothelial cells 17 . It should also be noted that since this protocol is based on confocal microscopy, the lateral resolution is limited by diffraction and cannot resolve structures smaller than approximately 175 to 250 nm (Figure 2) .
Previous studies have performed detailed analysis of the cellular composition of the neurovascular unit using confocal microscopy 25, 26 . However, investigating intracellular transport at the BBB relies mostly on the use of transmission electron microscopy 19, 27, 28 . While this method offers the highest lateral resolution of intracellular structures, electron microscopy remains a challenging technique with low throughput. Moreover, the number of different molecular targets which can be visualized by EM is very limited. This protocol offers an accessible alternative to investigate intracellular transport at the BBB. The complete procedure, from brain collection to image analysis, can be performed in 5 to 6 days. If suitable antibodies are available, immunofluorescence allows simultaneous detection of multiple cell types/molecules within the same sample. Moreover this protocol could be combined with super-resolution microscopy techniques to overcome the limitations in spatial resolution 29 . Overall, the protocol described above enables the quantification of changes in the intracellular localization of proteins of interest within the neurovascular unit. Its application for different genetic or pharmacological perturbations will allow investigating the intracellular structure and transport functions of the BBB in vivo.
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